Abstract-Understanding the cues that guide axons and how we can optimize these cues to achieve directed neuronal growth is imperative for neural tissue engineering. Cells in the local environment influence neurons with a rich combination of cues. This study deconstructs the complex mixture of guidance cues by working at the biomimetic interface-isolating the topographical information presented by cells and determining its capacity to guide neurons. We generated replica materials presenting topographies of oriented astrocytes (ACs), endothelial cells (ECs), and Schwann cells (SCs) as well as computer-aided design materials inspired by the contours of these cells (bioinspired-CAD). These materials presented distinct topographies and anisotropies and in all cases were sufficient to guide neurons. Dorsal root ganglia (DRG) cells and neurites demonstrated the most directed response on bioinspired-CAD materials which presented anisotropic features with 90°edges. DRG alignment was strongest on SC bioinspired-CAD materials followed by AC bioinspired-CAD materials, with more uniform orientation to EC bioinspired-CAD materials. Alignment on replicas was strongest on SC replica materials followed by AC and EC replicas. These results suggest that the topographies of anisotropic tissue structures are sufficient for neuronal guidance. This work is discussed in the context of feature dimensions, morphology, and guidepost hypotheses.
INTRODUCTION
The lack of optimistic outcomes for spinal cord injury (SCI) lies in the fact that nerve regeneration does not occur spontaneously within the central nervous system (CNS). Inherent differences between CNS and peripheral nervous system (PNS) post-injury environments explain their contrasting capacities for regeneration. 29 While Schwann cells (SCs) in the PNS provide supportive cues to regeneration in the postinjury environment, 12, 42 oligodendrocytes and reactive astrocytes in the CNS contribute inhibitory cues. 43 Goals of neural tissue engineering for SCI include determining cues that neurons need to overcome this inhibitory post-injury environment and generating therapies to present these cues to support successful regeneration and improve the quality of life of SCI patients.
Contact guidance is a promising approach for guiding regenerating axons toward their targets. Substrate topography is one type of directive cue that has been evaluated substantially in vitro and in vivo (reviewed in Hoffman-Kim et al. 28 ) Edges, fibers, and grooves in the micrometer and nanometer range have been shown to guide and promote neurite outgrowth depending on the depth and width of such features. 39 While grooves and fibers as narrow as 50 nm, 21 as wide as 500 lm, 49 as shallow as 14 nm, 39 and as deep as 40 lm 51 have directed neurite growth, a systematic analysis of topographical parameters that influence neurite growth has not previously been carried out. Further, while the study of axon guidance by geometric features helps to obtain knowledge of the topographical dimensions that influence cellular growth and alignment, it is important to consider that these features oversimplify the topography of the in vivo environment.
Of note, the range of geometric feature sizes that have been shown to be most effective for directing neurite growth (feature widths of 4-30 lm 34, 39 and depths greater than 1 lm 7, 15 ) is similar to the range of feature sizes presented by cells and extracellular matrix in vivo. Accordingly, neurons have been shown to be guided by anisotropic tissue structures in vitro and in vivo. Neurons can align to tissues such as nerve, 18, 41 white matter, 38 muscle, 24, 26, 30 and blood vessels, 4, 13, 22 and in co-cultures with aligned astrocytes (ACs), 3, 5, 19, 40 SCs, 21, 36, 47 meningeal cells, 48 olfactory ensheathing cells, 19 and fibroblasts. 46, 48 In these studies, it is difficult to separate the influence of topography of these cells and tissues from chemical and electrical influences of the guiding cells. Recent work in our group has moved toward breaking down the complex mixture of topographical and biochemical cues involved in cell-cell guidance. The powerful tool of replicating cellular topography in polymer materials has shown that materials presenting isolated aligned SC topographies can direct neuron growth. 8 In this study, we explore further the biomimetic interface-here, biomaterials presenting cellular features to live cells. It is well recognized that the different chemical cues presented by SCs and ACs after injury contribute to the varied capacities for regeneration in the PNS and CNS, but it has not yet been shown if their topographical features also contribute to axon guidance. It was our aim to characterize the topographical information presented by these distinct glia and the contribution of these physical features to neurite guidance. We also looked at a non-glial cell type, endothelial cells (ECs), to determine if anisotropy of any tissue or cell type is sufficient for neuronal guidance or if a glial phenotype is necessary. Further, we used computer-aided design (CAD) and lithography to fabricate materials with repeating geometries inspired by the features of aligned cells toward determining which topographical features encode critical guidance information to a navigating neuron.
MATERIALS AND METHODS

Fabrication of Materials Presenting Replicated Cellular Topographies
Summaries of the sequence of fabrication methods involved in this study are presented in Figs. 1 and 2 and described in the following three sections: cell culture, fabrication of biomimetic replica materials, and fabrication of topographical materials inspired by the features of aligned cells.
Cell Culture
Cell culture reagents were from Invitrogen Life Technologies (Carlsbad, CA, USA) unless otherwise indicated. Cultures were incubated at 37°C with 5% CO 2 in a humidified environment. SCs from rat sciatic nerve, a generous gift of Dr. Mary Bunge (University of Miami, Coral Gables, FL, USA), were cultured on tissue culture plastic dishes coated with 100 lg/mL poly(L-lysine) (pLL; Sigma, St. Louis, MO, USA) in Dulbecco's modified eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 4 mM L-glutamine, 100 U/mL penicillin and 100 lg/mL streptomycin supplemented with 2 lM forskolin (Sigma), 10 lg/mL bovine pituitary extract (Sigma) and 2 lM heregulin (generous gift from Genentech, Vacaville, CA, USA) (SC media). Cells used in experiments were between passages 5 and 7. A7 23 ACs, a generous gift of Dr. Herbert Geller (Developmental Neurobiology Section, NHLBI, NIH, Bethesda, MD, USA), were cultured on tissue culture plastic dishes in DMEM with 10% FBS, 4 mM L-glutamine, 100 U/mL penicillin and 100 lg/mL streptomycin supplemented with 5 lg/mL insulin from bovine pancreas. 23 Cells used in experiments were between passages 8 and 12. Human umbilical vein ECs (PCS-100-010, ATCC, Manassas, VA, USA) were cultured on tissue culture plastic dishes in endothelial growth media-2 (EGM-2) (Cambrex, Rockland, ME, USA). Cells used in experiments were between passages 4 and 6.
Substrates for cellular alignment were prepared as described using previously optimized conditions (Fig. 1) . 8, 31 Briefly, negative tone Nano SU-8 2 (Microchem Co., Newton, MA, USA) photoresist was coated with a 2-lm thickness on silicon wafers (Silicon Sense, Inc., Nashua, NH, USA) and selectively polymerized with ultraviolet light through a mylar mask printed with the desired micropattern. Non-crosslinked photoresist was rinsed from the wafers leaving the inverse of the desired microstamps. The precursor to poly(dimethylsiloxane) (PDMS) (Dow Corning, Midland, MI, USA) was poured on the wafers, degassed, baked at 95°C for 2 h, cooled, and peeled. For aligned SCs and aligned ACs, microstamps with plateaus of 10 mm length, 50 lm width, and 10 or 20 lm pitch were coated with 50 lg/mL laminin (LN) and stamped onto plasma-etched glass chamber slides (Nunc, Thermo Fisher Scientific, Rochester, NY, USA) with microcontact printing. For aligned ECs, microstamps with plateaus of 10 mm length, 10 lm width, and 10 lm pitch were coated with 50 lg/mL human fibronectin (FN) and stamped onto glass chamber slides. SCs, ACs, and ECs were plated on the appropriate substrates at 49 K cells/cm 2 and incubated for 48 h. For randomly oriented substrates, coverslips coated uniformly with LN or FN were also plated at this cell density for 48 h.
Fabrication of Biomimetic Replica Materials
Cells were fixed with 2% paraformaldehyde (Sigma) in 0.1 M phosphate-buffered saline (PBS), rinsed with PBS, and post-fixed in Karnovsky's fixative (Electron Microscopy Sciences, Hatfield, PA, USA) for at least 3 h. Samples were rinsed with 0.1 M sodium cacodylate, fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate for 1 h, rinsed with water, incubated in 1% thiocarbohydrazide in water for 1 h, rinsed with water, and incubated in 1% osmium tetroxide in water for 1 h (Electron Microscopy Sciences). Substrates were dehydrated through serial rinses with increasing gradations of ethanol up to 100%, air dried, and sputtercoated with gold palladium. Sputter-coated, post-fixed cells were used as templates to create PDMS-molded impressions of the cells, which were in turn used to create PDMS replicas of the cellular topography. The precursor to PDMS was poured over the SEM fixed cell template at a 3-4 mm thickness, and PDMS was cured at 95°C overnight. The impression mold was peeled from the template. PDMS precursor was poured onto the mold, cured at 95°C for at least 4 h, peeled from the mold, and the resulting PDMS replica with protruding cellular topography ( Fig. 1 ) was characterized and used in culture experiments as described below.
Fabrication of Bioinspired-CAD Materials
White light interferometry (WIM) data scans of post-fixed cell templates were recorded with 109 objectives and at 19 zoom with a Zygo New View 6000 3D profiler (Zygo Co., Middlefield, CT, USA) and analyzed with Gwyddion 2.0 software (Czech Metrology Institute, Brno, Czech Republic). For each type of substrate material, a field of view 700 lm by 525 lm was leveled by mean-plane subtraction. Thresholds of 49% and 53% of height for AC and EC scans, respectively, were set to extract areas of cellular topography. Thresholded scans were processed in Adobe Photoshop and Illustrator CS2 (Adobe Systems Incorporated, San Jose, CA) to outline areas above the threshold and convert to a vector graphic. Thresholds of 51% and 49% were set to extract areas of SC somas and processes, respectively. The outlines of areas representing soma were first extracted, and then processes were extracted and added onto the outlines of soma. Each unit was mirrored and arrayed end-to-end horizontally and then vertically to fill a 1 cm by 1 cm square. The design was printed in a chrome-on-quartz mask (Advanced Reproductions Corporation, Andover, MA, USA) with a resolution of 1.6 lm (Fig. 2) . Photolithography techniques similar to those used to generate microstamps were used to create the geometric patterns but negative tone Nano SU-8 2 was used to generate a thickness of approximately 1 lm, corresponding to the average height of fixed cells used for cell templates as described above. Appropriate baking time, exposure, and developing were used. PDMS was then baked at 95°C for 2 h, cooled, and peeled from the silicon wafer, creating a bioinspired-CAD substrate containing the raised cell-shaped features.
Characterization of Topographical Materials
Cell length, width, and projected surface area were measured by manual tracing with ImageJ v1.36. In four fields of view (FOV) per cell type, 100 cells were randomly selected and measured. For ACs and ECs, the cells were traced with the Freehand Selections tool. The measure function was used to fit the traced area to an ellipse and to measure the major and minor axes as the length and width of the cell. The projected surface area of the cell was also measured with this function. For SCs, the somas were traced by the Freehand Selections tool, and the length, width, and projected surface area of SC somas were measured by the same method as for ACs and ECs. The length and width of the processes were measured with the Straight Line Selections tool and Measure function. The total projected surface area of SCs was approximated by Area soma + 2 * Length processes * Width processes .
Cell height profiles recorded by WIM at 109 were leveled by fitting a plane through three flat areas between cells (zero points) chosen by the user. Twelve cells per FOV were randomly selected, and the height profile of a horizontal cross-section of the cell was generated using the Extract Profile function. For ACs, ECs, and SC somata, height profiles were fit to a second-order polynomial function with a custom Matlab program (Matlab r2008b, The MathWorks, Natick, MA, USA), and the average value and maximum value of this function were recorded for each cell. For SC processes, the maximum height was recorded as the maximum value of the profile extracted in Gwyddion.
One-way analysis of variance (ANOVA) tests were performed on lengths, widths, heights, mean vector lengths, percentages, and cell counts. Post hoc multiple comparison analyses were performed using the Bonferroni test. A p value of less than 0.05 was taken to be significant.
Study of Dorsal Root Ganglia Alignment
All PDMS topographical substrates were plasma activated, coated with 100 lg/mL pLL in water for 1 h, rinsed with Hank's Balanced Salt Solution (HBSS), and coated with 50 mg/mL LN for 1 h. Dorsal root ganglia (DRG) were dissected from the spinal column of postnatal (P3) rats. DRG explants were cleaned of axons and blood vessels, incubated in 0.25% trypsin-EDTA in HBSS for 45 min at 37°C, triturated in DMEM with 10% FBS, 4 mM L-glutamine, 100 U/mL penicillin and 100 lg/mL streptomycin supplemented with 50 ng/mL nerve growth factor (NGF), and plated at 41,000 cells/cm 2 in 12-well plates. At least five substrates were cultured with DRG for each substrate type.
Visualization of Neurite and Nuclear Alignment
After 5 days, cells were fixed with 2% paraformaldehyde in PBS and blocked for 1 h at room temperature with 10% goat serum (Jackson Immuno Research Laboratories, West Grove, PA, USA) and 1% bovine serum albumin (Sigma), in 0.1 M phosphate-buffered saline (PBS) (working solution) with the addition of 0.1% Triton X-100 (VWR, West Chester, PA, USA) for permeabilization. To visualize neurites, samples were incubated overnight at 4°C with monoclonal anti-neuronal class III beta tubulin (b-III-tubulin) primary antibody (Covance Research Products, Inc., Berkeley, CA, USA) diluted 1:500 in working buffer. Samples were rinsed in PBS, incubated for 1 h at room temperature with Cy3-conjugated goat anti-mouse secondary antibody (Jackson Immuno Research Laboratories) diluted 1:200 in working buffer and rinsed again in PBS. To visualize nuclei, a 1:100 solution of 4,6-diamidino-2-phenylindole (DAPI) (Sigma) in PBS was added to each sample for 1 h.
Microscopy
The 12-bit images were obtained at 1009 magnification with a 30-ms exposure for epifluorescent imaging of DAPI, 200-ms exposure for epifluorescent imaging of neurites, and 10-ms exposure for phase contrast imaging, and analyzed as described below.
For quantitative assessment of alignment, ten FOVs of 664 9 872 lm 2 were acquired at 1009 magnification on a Nikon Eclipse TE2000-S microscope equipped with phase contrast and epifluorescence optics and software-controlled motorized stage. Samples were oriented so that substrate topographical alignment direction was uniform between samples. Corresponding phase and epifluorescence images were captured using a Hamamatsu Orca-ER camera, an Orbit shutter controller, and a Ludl stage controller, outputting to OpenLab v4.0.4 (Improvision, Lexington, MA, USA). A custom-stage automation was written which allowed the user to select the area of protein patterning, choose 10 points at random within this area, and obtain corresponding images of phase, DAPI, and stained neurites.
Quantification of Nuclear Alignment
DAPI images were converted to 8-bit grayscale with Adobe Photoshop CS2, inverted, and the contrast was adjusted using the level and curve functions. Nuclei numbers were assessed with ImageJ v1.36, using the Otsu function of the multithresholder plugin and the particle analyzer plugin with size filter set to 50-850 pixels to exclude image artifacts and cell clusters. For alignment and confluence analysis, DAPI images were processed as described, and nuclei number and angle of orientation were assessed with ImageJ. These data were analyzed with Oriana v2.02c (Kovach Computing Services, Pentraeth, UK). Circular analysis was used to analyze the angular distributions of the major axes of the nuclei. 32 Circular mean vectors were calculated, where the length of the mean vector corresponds to the degree of clustering of the data, and the direction of the mean vector corresponds to the mean direction of the data. Uniformity of the distribution of nuclei was assessed using a Rao's spacing test and alignment of nuclei in the direction of the substrate pattern was assessed with a V-test. One-way ANOVAs were performed on mean vector lengths. Post hoc multiple comparison analyses were performed using the Bonferroni test. For all cases, a p value of less than 0.05 was taken to be significant.
Quantification of Neurite Alignment
For analyses of neurite alignment, images labeled for b-III-tubulin immunofluorescence were processed as follows. A custom Matlab program was used to trace images and evaluate neurite alignment based on previously described methods. 10 Pseudocode is shown in Table 1 for the tracing algorithm. Images were loaded into memory and preprocessed to generate a filtered and rotated lookup table, S. Images were rotated by Dh = 11.25°using bilinear interpolation and filtered with the correlation kernel C = [21, 22, 0, 2, 1, 0, 0, 1, 2, 0, 22, 21] T , a composite kernel consisting of two mirrored edge-detection kernels separated by r pixels. Here, the 2-pixel separation was tuned to align the edge kernels with the edges of a typical neurite. Seed points were found for each image according to established methods. 2 A search was performed over a grid of N horizontal and M vertical lines, where the grid spacing g was set to 20 pixels. A one-dimensional Gaussian kernel of the form [. 25 .5 .25] was used to low pass filter and smooth the data along each grid line, and then the local maximum along each grid segment was determined. A local maximum was recorded as a seed point if its grayscale value was higher than the threshold C = c + r/2, where c is the median pixel intensity and r is the standard deviation around the median.
For each seed point, an initial direction was determined based on finding the direction of the maximum response to the correlation kernel. Indexing into the rotated and filtered lookup table described above yielded a K 9 n matrix, where K was set to 10 pixels and n was 32. The value of n was based on the rotation of the images by 11.25°increments. K is the length of the neurite segment considered in a given direction. The median value was taken along the K pixels, so that each angle had a corresponding median response, where median responses have been shown to have reduced sensitivity when tracing noisy images. 1 The angle corresponding to the maximum response was set as the direction, and the trace was stepped forward along a vector of length s = 3 pixels in the determined direction. The process of indexing into the stored array of rotated/filtered images and obtaining the response for each angle to find the maximum response was repeated until a stop criterion was met or the trace reached an empirically determined number of iterations, which was set to k max = 100. Stop criteria consisted of having a brightness value less than the threshold C, or being within b pixels of the edge of the image, where b is the length of the correlation kernel. Ignoring responses within a boundary area b pixels wide eliminates the effects of the strong response due to the image edge. Once three multiple consecutive violations were reached, the trace data were saved, and the process was repeated for the next seed point, until all the seed points for a given image were traced.
For each image, all directional data were collected and plotted as a histogram. The number of neurite segments directed within 22.5°of the mean was calculated for each sample, and one-way ANOVAs were performed among test groups. Post hoc multiple comparison analyses were performed using the Bonferroni test. For all cases, a p value of less than 0.05 was taken to be significant.
RESULTS
Topographical Platforms Presented Distinct
Topographies to Navigating Neurons
Recent work in our lab has described the generation of biomimetic polymer replicas presenting isolated aligned SC topographies and their ability to direct neuron growth. 8, 9 The type of adherent cell replicated by this technique is not limited. Thus, we generated materials presenting aligned AC, EC, and SC topographies by culturing these cells under conditions previously determined to be optimal for confluence and alignment 31 and preparing replicas as described. 9 The topography presented by aligned monolayers of these three types differed in surface appearance (Figs. 3a-3c ). ACs and ECs presented broader topographical features while SCs had smaller cell bodies with thin, long extensions. While similarly broad, ACs were much rockier in appearance than ECs. The surfaces of ECs were not completely smooth, however, but had small protrusions near the centers of the somata. ACs were most closely packed together of the three cell types followed by ECs and then SCs. While all three cell types presented anisotropy, SCs appeared most elongated in the direction of the micropatterned cue, and ECs appeared more elongated than ACs.
Replica Materials of Different Cell Types Presented
Topographical Features with Distinct Length, Width, and Density
Quantitative image analysis of cell morphology supported these observations. ECs were the largest cells in both length and width (Fig. 4a) . ECs were 76.9 ± 10.2 lm in length and 31.9 ± 4.7 lm in width with a projected area of 1936 ± 402 lm. ACs projected a 71% smaller surface area of 712 ± 191 lm with a length of 46.1 ± 8.0 lm and width of 19.2 ± 2.8 lm. SC somata were the smallest in both length and width. SC somata were 36.1 ± 4.1 lm in length and 13.3 ± 2.0 lm in width. SC processes were considerably longer and thinner than other cellular features with length of 52.5 ± 17.4 lm and width of 1.8 ± 0.3 lm. Even including the contribution of the processes, SC projected area was 77% smaller than EC area at 564 ± 115 lm. Despite their small size, SCs presented the most elongated somata with an aspect ratio of 2.73 ± 0.52 (p £ 0.05). AC and EC somata were similarly elongated with aspect ratios of 2.39 ± 0.54 and 2.61 ± 0.51 lm, respectively. SC processes were the most elongated cellular feature with an aspect ratio of 30.0 ± 5.7 (p £ 0.05). AC monolayers were the most closely packed together with a cell density of 86,500 ± 4500 cells/cm 2 (Fig. 4b) . SC monolayers had a density of 62,000 ± 3000 cells/cm 2 , and ECs had the lowest density of 49,200 ± 2300 cells/cm 2 .
Topographical Features Presented by Replica Materials Were Similar in Height
While the widths and lengths of topographic features presented by these cell types were considerably different, the heights of features were not significantly different among the cell types, as analyzed from WIM images (Fig. 4c) . The average height across the soma was 0.73 ± 0.27 lm for ACs, 0.74 ± 0.14 lm for ECs, and 0.79 ± 0.20 lm for SCs. The maximum height presented across a soma was 1.00 ± 0.39 lm for ACs, 1.14 ± 0.31 lm for ECs, and 0.95 ± 0.27 for SCs. SC processes presented much flatter topographical features with a maximum height of 0.49 ± 0.24 lm.
Topographical Features Presented by Replica Materials Varied in Anisotropy
The anisotropy of the topography presented by these cell types was also distinct (Fig. 4d) . As shown previously, SCs exhibited a stronger capacity for alignment on micropatterned substrates than ACs and ECs. 31 Circular mean vectors were calculated, where the length of the mean vector corresponds to the degree of clustering of the data, and the direction of the mean vector corresponds to the mean direction of the data. The nuclear alignment of SCs was almost twice as clustered as the nuclear alignment of ACs and ECs (mean vector lengths of 0.695 ± 0.022 for SCs, 0.395 ± 0.045 for ACs, 0.345 ± 0.052 for ECs) (Fig. 4d) . The stronger alignment of SCs was also demonstrated in the higher proportion of SCs aligned within 20°of the pattern (61.9 ± 1.4% for SCs, 43.5 ± 3.3% for ACs, and 40.6 ± 3.4% for ECs) (Fig. 4d) . When numbers of aligned cells were examined, SC and AC monolayers presented similar numbers of somata aligned within 20°of the mean direction (38,500 ± 100 cells/cm 2 for SCs, 37,000 ± 200 cells/ cm 2 for ACs). EC monolayers presented the lowest number of aligned somata (20,000 ± 100 cells/cm 2 ).
Bioinspired-CAD Materials Presented Features of Similar Sizes to Replica Materials
Bioinspired-CAD cellular topographies were also generated using CAD and lithography to present anisotropic topographical information to navigating neurons. Traces of ACs, ECs, and SCs were molded with PDMS (Figs. 3d-3f) . The widths and lengths of EC bioinspired-CAD somata were not significantly different from the widths and lengths of corresponding somata presented on replica materials (Fig. 4a) . The length of AC bioinspired-CAD somata was 49.84 ± 17.48 lm which was 8.2% longer than the feature length presented by replicas of AC topography (p £ 0.05), and the width of AC bioinspired-CAD somata was 20.80 ± 6.8 lm which was 8.1% wider that the feature width on replicas (p £ 0.05). The length of SC bioinspired-CAD somata was 58.0 ± 13.6 lm which was 60% longer than the feature length presented by replicas of SC topography (p £ 0.05), and the width of SC bioinspired-CAD somata was 22.5 ± 5.4 lm which was 69% wider that the feature width on replicas (p £ 0.05). The width of bioinspired-CAD processes was 2.2 ± 0.7 lm which was 22% wider than the width of molded replicas. The feature height on bioinspired-CAD substrates was uniform (1.03 ± 0.14 lm) and significantly higher than replica SC topography (max height 0.95 ± 0.27 lm) (Fig. 4c) . The topography of bioinspired substrates was also presented with a 90°edge while the topography of cell replicas had a more gradual slope or curve.
Replica and Bioinspired-CAD Materials Were Sufficient for Guidance of DRG
When DRG were cultured on anisotropic biomimetic and bioinspired-CAD materials as well as isotropic biomimetic and flat materials, DRG demonstrated some degree of alignment to all anisotropic materials presented (Fig. 5) while orientation of nuclei and neurites was random on flat ( Fig. 5 ) and isotropic materials (data not shown). Comparison of DRG responses to substrates presenting varying aligned features by quantitative circular analysis of the distribution of nuclear angles revealed varied influences on alignment (Fig. 6 ). The distribution of nuclear angles on all experimental replicates of SC replica materials and of all bioinspired-CAD materials was significantly different from a uniform distribution of angles by Rao's spacing test (p < 0.05), and the mean angle of the distribution was not significantly different from the direction of the underlying topography (V-test for 0°or 180°, p < 0.05) (Figs. 6c-6f) . Similarly, there was no significant difference between the direction of the underlying topography and the mean angle of the distribution of nuclear angles on AC and EC replica materials (V-test for 0°or 180°, p < 0.05) (Figs. 6a, 6b, 6d, 6e ). More subtle differences could be seen on AC and EC replica materials, however, as the distribution of angles on some experimental replicates taken individually was statistically similar to a uniform distribution. On AC materials, the distributions were uniform on two of six of the replicates, and on EC materials, the distributions were uniform in four of six of the replicates.
Comparison of the mean vector lengths of all alignment distributions on replica and bioinspired-CAD topographies (Fig. 7a) showed that clustering of nuclear alignment around the mean angle was stronger on bioinspired-CAD geometric SC features (0.450 ± 0.008) than on all other bioinspired-CAD or replica materials. Clustering of alignment around the mean on bioinspired-CAD AC and EC materials was not significantly different (0.325 ± 0.020 vs. 0.261 ± 0.027). Clustering around the mean on SC replica features (0.265 ± 0.014) was significantly stronger than on EC replica features (0.159 ± 0.030). Clustering of alignment on bioinspired-CAD EC features was also significantly stronger than on EC replica features, and alignment on bioinspired-CAD AC features was significantly stronger than on AC replica features (0.188 ± 0.022) and on EC replica features. Comparison of the percent of DRG nuclei aligned within 22.5°o f the underlying topography also showed that significantly more nuclei were aligned on bioinspired-CAD materials (43.4 ± 1.2% on AC, 38.9 ± 1.4% on EC, and 49.6 ± 1.3% on SC) than on corresponding biomimetic replica materials (34.2 ± 1.0% on AC, 32.8 ± 1.7% on EC, and 38.3 ± 0.8% on SC) (Fig. 7b ). The clustering of nuclear angles on flat and isotropic materials was not significantly different from a uniform distribution of angles by Rao's spacing test (data not shown).
Replica and Bioinspired-CAD Materials Also Directed Neurites
The quantification of the orientation of neurites stained for b-III-tubulin revealed similar trends to the orientation of nuclei on these materials. Comparison of the percent of neurite segments aligned within 22.5°o f the underlying topography showed that significantly more neurite segments were aligned on bioinspired-CAD materials (49.7 ± 1.9% on AC, 45.2 ± 0.8% on EC, and 61.3 ± 1.2% on SC) than on the corresponding replica materials (40.0 ± 0.9% on AC, 39.1 ± 0.7% on EC, and 45.1 ± 0.7% on SC) (Fig. 8) . The percent of neurite segments aligned within 22.5°o n replica SC materials was significantly greater than on replica EC materials, and the percent of neurite segments aligned within 22.5°on bioinspired-CAD SC materials was significantly greater than on bioinspired-CAD AC and EC materials. The percentage of neurite segments aligned on each material type was greater than the percentage of aligned DRG nuclei.
DISCUSSION
The main objective of this study was to use the biomimetic interface to gain insights into the shapes and dimensions of topographical features that encode critical guidance information to navigating neurons. In previous studies, edges, fibers, grooves, and cellular topographies have been shown to influence directed neurite outgrowth. 8, 14, 39, 44 Our micromolding and lithographic approach provided several advantages in this study; (1) substrates were generated that contained micro-and nano-scale replication of cellular features; (2) by changing the types of cells aligned and replicated, a variety of topographical shapes and sizes whose influence has not been previously investigated were presented to navigating neurons; and (3) generation of bioinspired-CAD geometric features allowed edges and cellular topographies to be compared in the same study for the first time. DRG orientation was directed on all anisotropic materials presented while the growth of DRG was randomly oriented on control flat and isotropic materials. Taken together, nuclear clustering analysis, neurite tracing analysis, and uniformity tests suggest that DRG alignment was strongest on SC materials followed by AC materials, with weakest alignment on EC materials. DRG demonstrated a more directed response on bioinspired-CAD materials which presented anisotropic features of variable length and width with 90°edges than on corresponding replica materials which presented features of comparable length and width, but with contoured topography.
In the study design, the development of a micromolding technique to replicate cellular topographies has facilitated the deconstruction of the local cellular cues present in vivo and allowed us here to compare the guidance effects of SC and AC topographies. We were also interested in determining if guidance by anisotropic tissues was limited to the features of glial cells, so ECs were chosen for characterization as a non-glial cell type. All substrates were coated with LN, since LN is expressed by ACs, ECs, and SCs. 6, 25, 45 The biomimetic materials presented a range of surface heights from tens of nanometers to single micrometers, and by changing the types of cells aligned and replicated, a novel variety of topographical shapes and sizes were presented to navigating neurons. In order to study the response of DRG to these anisotropic substrates, we were interested in assessing cellular and neurite alignment. DRG plating density and culture duration were chosen based on conditions in previous work shown to be most effective for alignment of DRG on materials replicating SC alignment. 8 Circular statistical analysis and mean vector length of nuclear angles were chosen to measure alignment because circular orientation data such as alignment are better described by a resultant vector rather than an arithmetic mean and the mean vector length corresponds to the clustering of the angles of the nuclei. 32 Changes in cellular shape have been shown to affect the shape of the nucleus, 17, 35 and previous work has shown that the angle of the major axis of the nucleus is an effective measure of cellular orientation. 31, 50 A neurite tracing and analysis paradigm was also developed, based on the methods of the Roysam group. 1, 2, 10 In examining two types of materials, DRG guidance was stronger on materials presenting cellular topography in bioinspired-CAD form than in replica form. The features on the bioinspired-CAD materials had sharper edges and presented continuous features to navigating neurons. Previous work has suggested that the contribution of height or depth to directing cellular alignment is greater than that of pitch and feature size. 7, 15, 39 Considering these observations, it is not surprising that for each cell type presented, bioinspired-CAD materials were better than their replica counterparts at directing neurite outgrowth. Another attribute of the bioinspired-CAD materials that increases their capacity to guide neurons is likely the sharp edges of these features. Neurites have shown a bias for growth in the direction of minimum curvature, 44 and other studies have suggested that axons grow in directions that minimize turning. 33 From these observations, it would follow that neurites would be less likely to change their direction when extending along features that have continuous edges as that would require a 90°turn. Cellular topographies present a more gradual curvature so extension along these features would not require such large turns. Our bioinspired-CAD materials also presented continuous, interconnected plateau structures while replicas presented spatially varying heights and spaces. Previous demonstration of neurite guidance by discontinuous pillars accompanied by perpendicular neurite growth is consistent with the ability here of the replicas to direct neurites, along with the ability of the bioinspired-CAD materials to do so more optimally. 20 Our general finding that materials presenting biomimetic topographies guided neurite outgrowth is consistent with previous studies showing neuronal alignment on SC topography or on geometric features on the order of cellular sizes. 7, 8, 37, 39 DRG guidance was stronger on materials presenting SC topography than on materials presenting EC topography regardless of material type. DRG guidance was also stronger on materials presenting bioinspired-CAD SC topography than on materials presenting bioinspired-CAD AC topography, and while comparison of mean vector length of nuclear clustering showed no difference between DRG alignment on SC replica materials vs. AC replica materials, comparison of uniformity tests points toward more uniform orientation of growth on AC replica materials. Thus, in examining three types of cells within each type of material, DRG guidance was strongest on materials presenting SC topography. Further, since bioinspired-CAD materials presented uniform heights, differences between bioinspired-CAD SC materials and bioinspired-CAD EC materials suggested potential roles for feature size, shape, alignment, and spacing in DRG guidance.
Measurement of features revealed that the relatively strongest and weakest guidance materials were distinct in size and morphology. Biomimetic materials presenting strongly directive SC topography contained features 36 9 13 lm 2 in size, along with extended processes, while in contrast, the less directive EC biomimetic materials presented larger features of 77 9 32 lm 2 without processes. Thus, smaller features containing thinner elongated processes were more directive. The degree of alignment of these materials somewhat correlated with their relative abilities to guide DRG growth, where SC materials presented topography with the strongest alignment and EC materials presented topography with the weakest alignment. In previous studies, neurite elongation from chick DRG into magnetically aligned collagen gels was more directed in collagen gels with a higher degree of alignment. 21 Greater DRG neurite alignment has also been shown on more highly aligned electrospun nanofibers. 16 Thus, alignment of the underlying material features is suggested to play a directive role in these and our studies.
We also examined the relative alignment of topographical features presented by our biomimetic materials in the context of the overall feature density, and found that the number of directed topographical cellular features per material was closely correlated with DRG guidance on the materials. While the distribution of aligned features on EC was less clustered than aligned features on SC materials but not AC materials, the number of aligned EC features was smaller than both the number of aligned AC or SC features. All three types of cellular topographies presented features on the order of 1 lm in depth. Clark et al. have suggested that at these depths, cellular response to repeating features is more pronounced than reaction to single features of the same magnitude, and further, alignment is generally inversely proportional to spacing. 15 The spacing of aligned features in AC and SC materials was lower than the spacing of aligned features in EC materials, which may have contributed to their relatively higher guidance abilities. Particularly, while the distribution of the alignment of AC and EC features was similar, the higher frequency of aligned AC features may account for the increased capacity for guidance by AC materials over EC materials.
This observation may also be relevant to axon guidance during development. Guidepost cells are thought to play an integral part in directing neurites to their appropriate targets. 11 Such cells are present along the path of growing axons, are contacted by axonal growth cones, and are separated from one another but within filopodial reach of one another, similar to the topographical cues presented by our materials. In development, the route is not straight so these cells are not continuously present along the axon path; instead they are present at discrete points, providing noncontinuous positional information that sequentially guides axonal growth. 11 As guidepost cells may contain cues that could reorient the trajectory of the axon at strategic points, these results are consistent with the notion that these cues attributed to guidepost cells may be at least partly topographical.
In vitro studies have shown that cylindrical posts can serve as guidance cues for growing neurites. Neurites aligned to aligned arrays of posts when the postdiameters and separation distances were on either the micron or 10-lm scale. 20, 27 In contrast, on postgeometries with dimensions on the order of 20-100 lm, a neurite would typically follow the post itself, wrapping around its base. 27 These studies suggest that sharper curvatures, as presented by smaller diameter posts, can provide the cue of an anchoring point, and lower curvatures, as presented by larger diameter posts, can provide the cue of curvature as guidance.
These results have shown a capacity for anisotropic cellular topographies to orient the growth of DRG cells and neurites. While trends in strength of alignment were similar between DRG cells and neurites depending on material type, comparisons suggest that neurites were more aligned than cells. This effect was especially pronounced on SC bioinspired-CAD materials which were also the materials with the strongest effect overall. Neurites also align to other aligned cells in culture, and DRG cultures are heterogeneous in cell type. Thus when DRG neurites align in the direction of our topographies, they may be responding directly to the topography and/or directly to support cells which have aligned to the topography. These studies point toward an inter-play between the two influences, and future studies will examine the complex interactions that underlie this guidance.
CONCLUSION
Working at the biomimetic interface, we have shown that multiple types of cellular topographies could guide neurons in vitro. Biomimetic replica and bioinspired-CAD materials presenting AC, EC, and SC topography all directed DRG. While permissive SCs and inhibitory astrocytes contribute to the difference in regeneration capacity in the CNS and PNS, the capacity for guidance of DRG by the topography of these cells as presented by replica materials in vitro was not starkly different. DRG cells and neurites demonstrated the most directed response on bioinspired-CAD SC materials, which presented the smallest, most frequent, and most aligned features with 90°edges. These results suggest that the topographies of anisotropic tissue structures are sufficient to direct neurons and further, that cellular topography is an important cue for a nerve guidance process that requires multiple cues for optimal growth.
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